Abstract Hypercholesterolemia in midlife increases the risk of subsequent cognitive decline, neurovascular disease, and Alzheimer's disease (AD), and statin use is associated with reduced prevalence of these outcomes. While statins improve vasoreactivity in peripheral arteries and large cerebral arteries, little is known about the effects of statins on cerebral hemodynamic responses and cognition in healthy asymptomatic adults. At the final visit of a 4-month randomized, controlled, double-blind study comparing atorvastatin 40 mg daily to placebo, 16 asymptomatic middle-aged adults (15 had useable data) underwent blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI), arterial spin labeling (ASL) quantitative cerebral blood flow (qCBF), dynamic susceptibility contrast (DSC) and structural imaging of the brain. Using a memory recognition task requiring discrimination of previously viewed (PV) and novel (NV) human faces, fMRI was used to elicit activation from brain regions known to be vulnerable to changes associated with AD. The BOLD signal amplitude (PV>NV) and latency to each stimulus were tested on a voxel basis between the atorvastatin (n=8) and placebo (n=7) groups. Persons randomized to atorvastatin not only showed significantly greater BOLD amplitude in the right angular gyrus, left superior parietal lobule, right middle temporal and superior sulcus than the placebo group, but also decreased hemodynamic response latencies in the right middle frontal gyrus, left precentral gyrus, left cuneus and right posterior middle frontal gyrus. However, neither the resting cerebral blood flow (CBF) measured with ASL nor the mean transit time (MTT) of cerebral perfusion calculated from DSC showed differences in these regions in either group. The drug related BOLD differences during memory recognition suggest that atorvastatin may have improved cerebral small vessel vasoreactivity, possibly through an effect on endothelial function. Furthermore, these results suggest that the effect of atorvastatin on the task-induced BOLD signal may not be a simple consequence of baseline flow change.
Introduction
Functional magnetic resonance imaging (fMRI) with blood oxygenation level dependent (BOLD) contrast has been used to study cognitive abnormalities in people with Alzheimer's disease (AD) and people at risk for AD (Smith et al. 1999; Petrella et al. 2003; Trivedi et al. 2006 ). This body of research suggests potential for fMRI in the early detection of AD (Fleisher et al. 2005; Johnson et al. 2006a) and the prediction of preclinical disease progression (Dickerson et al. 2005) . Increasing evidence suggests that neuropathological changes occur in people at risk for AD well before the onset of measurable symptoms (Braak and Braak 1991) . Therefore, recent prevention research has focused on asymptomatic individuals at risk for AD due to a family history of the disease or the presence of other genetic or vascular risk factors (Sager et al. 2005) .
Hypercholesterolemia in midlife is a risk factor for developing AD decades later (Kivipelto et al. 2002) . Statins not only lower serum cholesterol levels, but also improve vasoreactivity in peripheral arteries and large cerebral arteries and are associated with a reduced prevalence of AD (Masse et al. 2005) . However, little is known about the effects of statins on cerebral hemodynamic responses and cognition in asymptomatic persons at risk for AD.
Neuroimaging studies of people at risk for developing AD report either reduced BOLD signal (Johnson et al. 2006b ) related to AD risk factors or increased signal attributed to putative compensatory phenomena (Bookheimer et al. 2000) . The fMRI BOLD signal itself is sensitive to changes in baseline cerebral blood flow (CBF) and cerebral metabolism of oxygenation that tightly accompany focal neuronal activity (Hoge et al. 1999; Ogawa et al. 1990 ). For example, Cohen et al. showed that the magnitude and dynamic characteristics of the BOLD response in the visual cortex are a function of basal cerebrovascular conditions (Cohen et al. 2002) . However, direct comparisons of the BOLD signal between groups or conditions rely on the assumption that the underlying neurovascular coupling is comparable. This assumption may not hold with the introduction of pathological changes or drug intervention effects in the brain. For example, an uncharacteristic BOLD signal was found in a patient with carotid artery stenosis during performance of a simple motor task (Rother et al. 2002) . Furthermore, the normal aging process has been reported to affect the coupling of neural activity to the BOLD hemodynamic response (D'Esposito et al. 1999) .
One way to address this limitation is to study the temporal course of hemodynamic response within individual subjects (Calhoun et al. 2004 ) in addition to the signal amplitude. By analyzing the temporal profile of the hemodynamic response, Miezin et al. found regional differences in the hemodynamic response latency peak within the same subject (Miezin et al. 2000) . Henson et al. has introduced a computationally efficient method that can be applied to detect whole brain differences in the latency of hemodynamic responses (Henson et al. 2002) . With this method, the temporal derivative of the model is used to estimate the amount and direction of latency shift (±1.78 s) to an assumed BOLD peak of 6 s following an event-related activity.
In this paper we applied the Henson et al. method to determine whether there were differences in BOLD signal amplitude or latency in persons randomized to atorvastatin 40 mg daily for 4 months compared to those assigned placebo. Because the hemodynamic response amplitude or latency difference could be caused by differences in cerebral perfusion across subjects (Laurienti et al. 2003) , both cerebral blood flow (CBF) and mean transit time (MTT) values were measured with arterial spin labeling (ASL) and dynamic susceptibility contrast (DSC) MR imaging techniques, respectively. To further examine brain regions that are vulnerable to early structural and functional changes associated with AD (Petersen et al. 1997) , fMRI was used with an event-related, episodic recognition memory task that was expected to elicit activation in parietal and frontal regions (Haxby et al. 1996) .
Methods and materials

Participants and experimental design
This randomized, double-blind, placebo-controlled trial was conducted using a protocol approved by the local Institutional Review Board. Written informed consent was obtained from all participants after the study procedures were fully explained. Sixteen asymptomatic, middle-aged adult children (aged 38-66 years) of persons with AD participated in this trial. Participants were recruited from the local community and the Wisconsin Registry for Alzheimer's Prevention (WRAP), a statewide registry of asymptomatic adult children (aged 40-65 years) of persons with probable or definite AD (Sager et al. 2005) . Prior to enrollment, a diagnosis of definite or probable AD in one or both parents was confirmed using the National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria (McKhann et al. 1984) through clinical evaluation and/or chart review by physicians and neuropsychologists with expertise in the diagnosis of dementia. Study exclusion criteria included: current use of cholesterol-lowering medications; contraindications to statin therapy or MRI; history of dementia; major head trauma; or abnormal structural MRI.
The study was comprised of three visits: baseline, month 1, and month 4. At baseline, subjects were randomized in a 1:1 ratio to receive either atorvastatin 40 mg daily (n=8) or matching placebo (n=8). Blood samples were collected at each visit after a 12-h fast [lipid profile, high sensitivity C-reactive protein (hs-CRP), aspartate aminotransferase (AST), alanine aminotranferase (ALT), creatine kinase (CK), creatinine (Cr)]. All samples were obtained at the University of Wisconsin General Clinical Research Center (GCRC) between August 2006 and April 2007 and were evaluated by a clinician for the presence of any potential side effects of the medication. At month 4, participants underwent a BOLD fMRI scan using a recognition memory task, quantitative cerebral perfusion MRI scans with both ASL and DSC techniques, and a T1 weighted and T2 weighted structural scan. A neuroradiologist (HAR) reviewed all structural MRI images to identify brain abnormalities that might exclude subjects from the statistical analyses. One subject from the control group did not receive the complete imaging protocol and was excluded. The detailed baseline demographic and clinical data on the remaining 15 subjects are listed in Table 1 . There were no significant differences between groups.
Recognition memory task
The fMRI paradigm consisted of an event-related task involving episodic recognition of neutral faces. Similarly designed paradigms in healthy adults evoke activation in medial and superior lateral parietal regions (Rugg and Henson 2001) , which are known to be vulnerable to pathological changes associated with AD (Buckner et al. 2005) .
Stimuli The stimuli for this task were gray scale photographs of neutral faces, taken from three stimulus sets: the Karolinska Directed Emotional Faces (KDEF; Lundqvist and Litton 1998), the AR Face Database (Martinez and Benavente 1998) , and the Nottingham Face Database (http://pics.psych.stir.ac.uk/). All faces were 280×280 pixel arrays centered on an 800×600 black screen, with an equal number of male and female neutral faces. All faces were looking straight ahead with eyes on the viewer. The stimuli were presented using Presentation software V10.3 (NeuroBehavioral Systems Inc).
Training session (encoding) Thirty to forty minutes prior to the fMRI scan, participants underwent two sequentiallypresented counterbalanced training sessions during which they viewed serially presented faces on a computer outside of the MRI scanner. Each training session consisted of 24 different faces each presented six times over the session. Faces were presented every 4 s. The stimulus repetition onset asynchrony averaged 12.6 s. The participants were exposed to 48 different faces over the complete course of training. In a general set of training instructions, participants were told to view each sequentially-presented face, respond with a key press regarding likeability or age of the face, and try to remember each face as they may see the faces again as part of a memory task in the MRI scanner.
Functional MRI task
The task involved viewing previouslylearned faces from the training sets as well as novel faces that had the same picture dimensions, male/female composition, grayscale coloring, neutral expressions, and forward-facing positioning. An event-related paradigm was used in which faces were presented for 2.2 s duration with an average stimulus onset asynchrony of 6.8 s (range 4-11 s). In each of two scanning runs, 48 faces were presented in a pseudorandom order: 24 previously viewed (PV) faces from the training sessions and 24 novel (NV) faces. Participants maintained the same cognitive set throughout the experiment, which was to decide if the face was PV or whether it was NV. A white crosshair with a black background was presented during the variable length ISI. Responses to PV and NV faces were made with a twobutton response device held in the right hand. The participants were instructed to use their index finger to identify PV faces and their middle finger for NV faces. All responses were recorded throughout the experiments. A single fMRI scan lasted 5 m 34 s and there were a total of two sequential iterations of the task for each subject (order was counterbalanced across participants). All faces were presented only once using back projection to a screen at the end of the scanner table with a computer-controlled projector (Dell 2300) in the scanner room. The presentation computer and the scanner were synchronized with a coaxial cable using MR scanner's TTL pulse so that scanner and task started at the same time. This also allowed synchronization between scan acquisition at each slice and stimulus delivery. 
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MR scanning protocol
Participants were provided with instruction and practice prior to scanning. All MR images were acquired on a GE 3.0T Signa whole body MRI scanner (General Electric, Milwaukee, WI) with an 8-channel head coil. The subject's head was constrained by foam padding.
fMRI image acquisition A gradient recalled echo type echo-planar imaging (GRE-EPI) pulse sequence was used with higher order shimming applied to the static magnetic field (B 0 ). The EPI parameters were as follows: echo time= 30 ms; repetition time (TR)=2,000 ms; flip angle=90°; acquisition matrix = 64×64; field of view (FOV)=240 mm. Thirty continuous 4.5-mm-thick sagittal slices were acquired within each TR. Voxel resolution was 3.75×3.75× 4.5 mm. Each fMRI scan collected 165 temporal volume images, of which the initial 3 image volumes of each scan were discarded. Following the functional scans, a T1 weighted three-dimensional, spoiled gradient-recalled at steady-state (SPGR) scan (TE/TR=5 ms/24 ms, 40°flip angle, slice thickness=1.2 mm, FOV=240 mm, matrix= 256×192) and T2 weighted 3D Fast spin echo extended echo-train acquisition (3D-XETA) anatomic images (248 continuous sagittal slices, 1.2-mm slice thickness, TE/TR= 89 ms/2.5 s, FOV=240 mm, matrix=256×256) were acquired and later viewed by a neuroradiologist (HAR) for abnormalities that were inconsistent with the diagnosis and/or required clinical follow-up (none were found).
Arterial spin labeling (ASL) perfusion image acquisition ASL was performed using background suppressed continuous arterial spin labeling (Garcia et al. 2005b ) with a stack of variable density spiral readout. To minimize blurring, the spiral acquisition was very short, just 4 ms, and the required resolution was achieved with 8 interleaves. Images were acquired at a 48×64×48 on an 18×24×18 cm FOV. The sequence employed repeated selective saturation of the slab at 4.3 s before imaging, a slab selective inversion at 3 s before imaging, continuous labeling from 3 to 1.5 s before labeling, and nonselective inversion at 1.5 s, 764, 334, and 84 ms before imaging. The saturation and inversion were used to reduce the background signal from the static spins to less than 2% of normal, which greatly reduced motion artifact and the dynamic range requirements for whole brain 3D imaging. Continuous labeling was performed with a modification of a published (Alsop and Detre 1998) method for multi-slice spin labeling with a single coil that virtually eliminates off-resonance errors. A labeling RF amplitude of 0.24 mG and a gradient amplitude of 1.6 mT/m were employed. Three ASL averages required just 5 min. Following the three ASL averages, an image was acquired with the same imaging sequence but with inversion recovery preparation instead of ASL. Saturation at 4.3 s and then an inversion at 1650 ms before imaging was used to create a fluid suppressed image.
Dynamic susceptibility contrast (DSC) perfusion In order to determine the dynamic cerebral perfusion information such as mean transit time (MTT) map, DSC images were acquired with a GRE-EPI sequence with the following parameters: TR/TE/flip angle: 2 s/28.4 ms/60°, 128×64 in-plane matrix over a 22×22 cm 2 FOV covering the whole brain in 15-18 7-mm-thick axial slices with 2 mm gaps. Data were acquired with a bolus injection of 0.1 mmol/kg Gadodiamide (Omniscan, Princeton, NJ). A time series of 36 images for each slice was acquired.
Image processing and data analysis BOLD fMRI All fMRI EPI data were first slice-time corrected and motion corrected to the first volume image of the first time series using the Analysis of Functional NeuroImages (AFNI) software prior to subsequent processing in SPM5. In SPM5, the first EPI volume image from the time series was used for estimation of the normalization parameters to the Montreal Neurological Institute (MNI) Echo-Planar Image (EPI) template using a 12 parameter affine transformation and 4×5×5 nonlinear basis function. With the resulting parameters, all the beta and contrast images from the regression analysis were normalized to the 2×2×2 mm imaging matrix and then spatially smoothed with an 8 mm full-width half-maximum (FWHM) Gaussian filter.
For individual subject analyses, a fixed effects eventrelated design with multiple linear regression time series analyses was used to determine the location and extent of brain activations. The hemodynamic response function (HRF) used to analyze each participant's time series data was modeled in SPM5 and included two gamma functions of the canonical HRF and a temporal derivative term. The latency images of the canonical HRF for the PV stimuli were calculated using β 1 and β 2 images according to the original equation from Henson et al.: Latency ¼ 3:56s= 1 þ exp 3:1 Ã β 2 =β 1 ð Þ ð Þ À 1:78 s, where β 1 is the HRF parameter estimate and β 2 is the temporal derivative estimate (Henson et al. 2002) .
The BOLD contrast PV>NV was computed from the HRF parameter estimates for each subject, normalized to the MNI template and subsequently entered into secondlevel random effect analyses. An omnibus F-test was computed in order to determine the brain regions where the canonical HRF provided a reasonable fit to the data. The treatment group was compared to the placebo group using a two-sample t-test constrained within the voxels that were active to the task. This was accomplished by using the functional map of the task effect, (p<0.05, uncorrected) as an explicit mask in the two-sample t-test and brain areas of difference were identified at the voxel level for p<0.005 (uncorrected) and the cluster extent size > 750 voxels, resulting in a cluster-corrected threshold of p<0.05 (Alphasim, AFNI) within the omnibus F mask of the overall task activation.
Perfusion images
ASL quantitative CBF (qCBF) image Each individual ASL image was generated by averaging the pair-wise subtraction of tagging/control images. For quantification of flow, a low resolution sensitivity map for water sensitivity is required. This was created from the fluid suppressed image, which showed essentially no contrast between gray and white matter. We used a local maximum operator on the image and treated all tissue signals as white matter with a water concentration of 0.735 gm/ml (Herscovitch and Raichle 1985) and a T1 of 900 ms. Assuming gray matter with a water concentration of 0.88 gm/ml and a T1 of 1150 caused only a 5% calibration difference. This calibration produced a sensitivity map, C, equal to the fully relaxed MRI signal intensity produced by one gm of water per ml of brain. With this coregistered sensitivity map, cerebral blood flow (CBF) was calculated using the equation:
where ρ b is the density of brain tissue, 1.05 g/ml (Herscovitch and Raichle 1985) α is the labeling efficiency, assumed to be 95% for labeling times 75% for background suppression (Garcia et al. 2005a) , w is the postlabeling delay (Alsop and Detre 1996) , 1.5 s, tl is the labeling duration, 1.5 s, T1 a is the T1 of arterial blood, ω a is the density of water in blood, 0.85 g/ml (Herscovitch and Raichle 1985) , and S l and S c are the signal intensities in the labeled and control images, respectively. This equation assumes that the labeled blood remains in the arterioles and capillaries and does not reach the tissue. All the ASL-qCBF images were then normalized to the standard MNI positron emission tomography (PET) perfusion image template (2× 2×2 mm imaging matrix) in SPM5 with the modulation method to preserve the intensity of CBF values. Grey matter and white matter templates from the standard SPM MNI templates were used to calculate the global perfusion rates among all the subjects. A voxel-wise comparison of CBF images between statin group and placebo did not find any significant clusters at group threshold p<0.05 (voxel level p<0.005 & cluster size > 750 voxels).
DSC Perfusion analysis
The dynamic perfusion images were processed as follows. Gadolinium concentration as a function of time (Rosen et al. 1990 ), C(t), was determined for each voxel using the Equation:
SðtÞ S 0 , where S(t) is the corresponding signal intensity at time t after injection, S 0 is the pre-injection signal, TE is the echo time, and K reflects the contrast agent relaxivity and properties of the pulse sequence. The arterial input function (AIF) was automatically selected based on early arrival time, large signal change, and fast passage of the MR contrast (Carroll et al. 2003) . A deconvolution method (Ostergaard et al. 1996) that is insensitive to delay of contrast arrival in the tissue (Wu et al. 2003 ) was used to deconvolve the AIF from C(t) in order to obtain CBV DSC and CBF DSC on a voxel-by-voxel basis for all slices. The cerebral blood mean transit time (MTT) was calculated with the central volume principle: MTT=CBV/CBF. The final MTT maps were then normalized to the standard MNI image template (2×2×2 mm imaging matrix) in SPM5 with the modulation method.. A voxel-wise comparison of MTT images between statin group and placebo did not find any significant clusters at group threshold p<0.05 (voxel level p<0.005 and cluster size > 750 voxels).
Results
Behavioral results
Accuracy and reaction times are presented in Table 2 . Analysis of variance and post-hoc comparisons revealed that both groups performed the recognition memory task with accuracy above 80%. The treatment group and placebo group did not differ on overall accuracy or reaction time to NV and PV faces during both the training session and fMRI experiment. Mini Mental State Exam (MMSE) scores were also equivalent between groups.
Imaging results
Group averaged CBF from all subjects shown in Fig. 1a captured the quality of the current MR cerebral perfusion images with ASL technique. In Fig. 1b , the BOLD group activation map from all the participants (n=15; Group level Hemodynamic canonical amplitude and cerebral blood flow comparison Figure 2a depicts the cerebral hemodynamic response difference to PV faces versus NV faces. The BOLD signal amplitude from the atorvastatin group was significantly greater than the placebo group in the middle and superior frontal gyrus, superior temporal gyrus, bilateral posterior cingulate gyrus and precuneus. Coordinates and statistics for these regional BOLD signal changes are listed in Table 3 . Since BOLD signal change could be affected by the resting cerebral perfusion level, the quantitative resting CBF (qCBF) values measured by the ASL technique were also extracted from the above areas. As shown in Fig. 2b for the right angular gyrus, BOLD amplitude signal changes were 0.265±0.1% (mean±SE) from the statin group and −0.19±0.06% (mean±SE) in the placebo group (p<0.005, Wilcoxon non-parametric test). However, qCBF values from the same areas were 74.6±10.4 (mean±SE) ml 100 g −1 min −1 for the statin group and 54.3±10.4 (mean± SE) ml 100 g −1 min −1 for placebo group. Differences in qCBF values were not significant (p<0.30, Wilcoxon nonparametric test) between the two groups. Neither global grey matter nor white matter perfusion rate showed significant difference due to the group effect. A detailed comparison is listed in Table 3 . In Fig. 2c , in right angular gyrus, the BOLD contrast signal (PV vs NV) shows a strong linear correlation (cc=0.56) with the resting CBF values across all the subjects. However, the correlation interaction with group was not significant ( p<0.824) as tested by the parallelism with nonparametric Sen-Adichie method in Table 3 .
Canonical hemodynamic response latency and cerebral perfusion mean transit time comparison
The cerebral hemodynamic response latency difference due to the treatment effect is depicted in Fig 3. During recognition of PV faces, the latencies in the bilateral cuneus and precuneus, left precentral gyrus and cingulate cortex were significantly faster in the treatment group compared to the placebo group (Fig. 3a) . The resting perfusion mean transit times from these areas were extracted and no treatment effect was found between the groups. Details regarding the coordinates, statistics and regional BOLD response latency values and MTT values are listed in Table 3 . In Fig. 3b , the regional BOLD response latency values from the right cuneus area are plotted with the MTT values, showing that, while MTT values remain similar between groups, the hemodynamic response latency was faster in the statin treated group than in the placebo group. The averaged BOLD hemodynamic response function time course further depicts the earlier peak response in the statin group (Fig. 3c) .
Discussion
This report combines the use of fMRI BOLD signal change both in amplitude and latency with resting perfusion measurements to assess the effect of drug intervention in asymptomatic persons at risk for AD. To date, most ADrelated fMRI research has focused almost exclusively on comparisons of the amplitude of BOLD signal, with the exception of a study by Rombouts et al. that reported delayed rather than decreased BOLD response as a marker for early Alzheimer's disease (Rombouts et al. 2005 ). In that study, different phases of the BOLD response were analyzed by orthogonal regressors and AD patients showed increased delay of BOLD response compared to normal controls. This study stressed the importance of analyzing BOLD signal with temporal characteristic parameters in AD studies. However, this method has not been further adopted in AD related neuroimaging studies mainly because it is susceptible to the high variations within the BOLD temporal signal and ambiguity of manual selection of the BOLD phase. However, latency changes that are derived from the temporal derivative of the BOLD signal do not require a predefined BOLD phase. Therefore, this method is useful for providing an estimation of temporal information about the BOLD signal source as it relates to the disease process or drug treatment effect. In this study, fMRI BOLD activation signals showed greater amplitude and shorter latency of hemodynamic response in subjects who received statin treatment compared to those in the placebo group. The BOLD signal is purported to be tightly correlated with underlying neuronal activity (Logothetis et al. 2001) , as the signal itself depends on the blood-flow mediated relationship between neural activity and focal paramagnetic deoxygenated hemoglobin concentration (Davis et al. 1998) . Although the possible statin effects on changing cerebral neuronal activity cannot be ruled out, atorvastatin used in the current study does not pass the blood-brain-barrier well and its direct effect on modifying neuronal activity is limited. The equivalent performance during the recognition task suggests that the measured group differences in BOLD signal strength and latency are not a function of differences in task difficulty or cognitive status in these asymptomatic cognitively healthy adults. The greater and faster BOLD signals in the drug-treated group may reflect differences in neurovascular coupling changes due to statin's effect on endothelial function. Globally-scaled cerebral perfusion measurements with either qCBF or MTT showed no significant difference between groups in this regionally focused cross-sectional analysis. Other analyses from these data are underway to determine whether statin treatment results in changes in cerebral perfusion from the pre-treatment baseline scan. Statins exhibit pleiotropic effects that lead to not only clear cardiovascular benefits, but also to possible protection against neurodegenerative diseases such as AD. Clinical trials show that statins lower serum cholesterol, improve endothelial function, and reduce inflammation-factors that may improve cerebral perfusion and, thus, protect against neurodegeneration. In addition, statins may also modify β-amyloid deposition and metabolism in the brain, a pathologic hallmark of AD progression (Fassbender et al. 2001; Simons et al. 2001) . While some mechanisms of disease may be slower to respond to statin therapy, statins acutely upregulate endothelial nitric oxide (NO) synthase, leading to increased NO availability, rapid improvement in endothelial function, and improved CBF (O'Driscoll et al. 1997; Yamada et al. 2000) . The BOLD signal changes seen in the statin treated group in the present study could be due to the cellular regulation of NO, an important soluble mediator of neurovascular coupling. These improvements may result in a tighter relationship of neurovascular coupling and cause stronger and faster BOLD signal upon neuronal activity. These findings might have potential therapeutic implications for various neurological disorders, including stroke, AD, Parkinson's disease, and multiple sclerosis. While previous studies have not evaluated statin effects on the cerebral microvasculature perfusion using ASL-MRI or DSC-MRI, some analyses of large vessel CBF using transcranial Doppler or other MRI perfusion techniques have shown mixed results (Pretnar-Oblak et al. 2006; ten Dam et al. 2005) . As changes in small vessel vasoreactivity may have a greater impact on the development of cognitive decline in AD compared to large vessel disease, larger randomized, controlled studies investigating the effects of statins on microvascular changes in CBF and functional activation are needed to clarify the potential role of statins in prevention of cognitive decline and AD.
Although there was no significant group difference in CBF, the mean qCBF estimates for the statin treated subjects are consistently higher than those for the placebo treated subjects. Given the small sample sizes for the current study, low power in the present analysis may confound the significance of flow change due to the statin treatment effect. The dynamic of BOLD response is related to the perfusion level in that the BOLD response is faster during elevated CBF and slower during diminished CBF (Friston et al. 2000 ). In the current study, the shorter latency of BOLD response in the statin group may relate to the slightly elevated perfusion rate. Furthermore, a positive correlation between baseline perfusion estimated by qCBF and BOLD magnitude contrast signal was found across all subjects in the right angular gyrus. In contrast to our findings, results of a hypercapnia study showed that with increased CBF, the BOLD response was lower in amplitude and more latent (Cohen et al. 2002) . Such a discrepancy in findings may be related to the different drug effects on the cerebral vasculature (statin vs CO 2 ), activated focal brain areas (parietal vs. occipital cortexes), type of stimuli used (cognitive memory task vs. visual stimuli), and most importantly, the difference in arterial vascular resistance and the dynamic autoregulatory response of brain tissue (hypercapnia vs normal physiological conditions).
There are several limitations to the current study. The cross-sectional nature of these analyses limits our ability to comment on a causal relationship between statin use and BOLD signal amplitude and response latencies. However, the goal of these analyses was to generate hypotheses to be tested in larger prospective clinical trials integrating treatments with fMRI outcome measures. The small sample size of this pilot study may have led to bias by the limited SNR of the neuroimaging signal. In addition, because of the limited sample size, the present analyses were restricted to voxels in which the canonical HRF provided a reasonable fit to the data with a relatively lenient threshold (p<0.05, uncorrected). The latency calculated by the Henson et al. method is limited by the approximation level of the canonical HRF to the real BOLD impulse response. The different temporal characteristics and amplitudes of the hemodynamic responses between the two groups raise the question of whether applying the same HRF model in both groups is a valid approach. In addition, according to Calhoun's analysis of latency-induced amplitude bias (Calhoun et al. 2004 ), the statin treated subjects' BOLD signal amplitude could have been underestimated when their hemodynamic responses peaked earlier than the 6 s peak in the canonical HRF. However, this would be expected to contribute to even greater differences between the two groups than reported here. During the ASL perfusion quantification, several constants and assumptions were made, such as the blood T1 value and ASL tagging pulse efficiency. Although these variables are less likely to be affected by the statin treatment effect, flawed assumptions could undermine the certainty of the results.
Finally, since statins are one of the most frequentlyprescribed classes of prescription drugs among the middleaged and elderly populations, researchers should be mindful when designing studies and selecting subjects that statin therapy may have an effect on BOLD signal.
Conclusion
In this cross-sectional analysis of subjects treated with 4 months of atorvastatin therapy vs. placebo, we have shown stronger and faster BOLD signal in statin treated subjects compared to placebo treated subjects during a recognition memory task, while the resting CBF and MTT values from the same regions remained similar between groups. The atorvastatin group's greater BOLD response may suggest improvement of cerebral vasoreactivity, possibly due to the statin's effect on neurovascular coupling or the neuronal activity itself. In addition, the fact that these differences in BOLD characteristics did not coincide with differences in qCBF or MTT values between groups suggests that the hemodynamic response may not be a simple consequence of the baseline perfusion rate changes. Larger randomized controlled studies assessing the effects of statins on small vessel CBF, fMRI activation, and cognitive outcomes are underway in persons at risk for AD. The direct comparison of the amplitude of BOLD responses typical of most fMRI research on AD is limited when applied in the absence of other measures of signal time course or vascular function. The current study provides a model for addressing this limitation by combining an analysis of signal amplitude and signal latency with resting perfusion rates. Future studies of this kind could help to characterize the fMRI signal and its relation to the compromised perfusion rate in AD risk populations. Furthermore, given the statin effect on manipulating the HRF in these healthy middle-aged or older adults, future fMRI studies might need to consider statin usage when determining inclusion criteria.
